Abstract Literature indicates that loss of disc tissue from herniation and/or surgery can accelerate degeneration of the disc. The associated loss of disc height may correspond with recurrent back and/or leg pain. A novel hydrogel has been developed to replace lost nucleus pulposus and potentially restore normal disc biomechanics following herniation and surgery. A single-center, non-randomized, prospective feasibility study was undertaken to investigate the use of NuCore Ò Injectable Nucleus hydrogel (Spine Wave, Inc., Shelton, CT, USA) as a replacement for nuclear tissue lost to herniation and microdiscectomy. Fourteen patients were enrolled at the authors' hospital as the initial site in a worldwide multicenter pilot study. Subjects who were entered into the study suffered from radicular pain due to single-level herniated nucleus pulposus and were non-respondent to conservative therapy. Following a standard microdiscectomy procedure, the hydrogel material was injected into the nuclear void to replace what tissue had been lost to the herniation and surgery. Leg and back pain, function and disability scores were monitored pre-and post-operatively through 2 years. Neurologic and physical evaluations, blood and serum analyses, and radiographic evaluations of disc height and implant stability were also performed. Results showed significant improvement for leg and back pain, as well as function scores. No complications or device related adverse events were observed. MR controls confirmed stable position of the implants with no reherniations. Radiographic measurements indicated better maintenance of disc height compared to literature data on microdiscectomy alone. The NuCore Ò material appears to protect the disc from early collapse following microdiscectomy; and therefore, may have the potential to slow the degenerative cascade of the spinal segment over time.
Introduction
Lumbar disc herniation is the most common cause of radicular leg pain in the adult working population. Although the majority of cases will improve with conservative care, surgical intervention is indicated in a significant subgroup of patients. This includes cases with severe neurological compromise, i.e., cauda equina syndrome and progressive motor deficit, as well as the larger group of cases which have failed a minimum of 6 weeks of conservative therapy [1] . If surgical intervention is needed, microdiscectomy and/or sequestrectomy under microscopical vision are recommended treatment options [2, 3] .
Unsuccessful surgical results may be associated with two problems: reherniation and disc space narrowing. Reherniation of the operated disc with recurrence of radiculopathy may occur in as many as 27% of cases, particularly when a large posterior annular defect is present [4] . More aggressive removal of disc tissue might reduce the reherniation rate, but also lead to further destabilization of the segment resulting in progressive low back pain. Disc height loss and its associated increase in radial disc bulge occur in proportion to the amount of tissue lost from the disc structure [5] . Patients with lumbar disc herniations show reduced disc height pre-operatively compared to normal, with progressive narrowing over time [6, 7] .
Young patients under 35 years of age and cases with advanced disc degeneration before surgery are particularly likely to suffer from accelerated disc deterioration and narrowing over time, resulting not only in discogenic low back pain, but also in spondylotic changes of the facet joints [8] . The reoperation rate after 10 years has been reported to be 25% with a median time to reoperation of 24 months [9] . Therefore, initial surgical treatment of the disc should attempt to preserve as much height and function as possible without increasing the risk for reherniation.
Several attempts have been made to design an efficient implant to replace herniated or surgically removed nucleus tissue in order to restore normal loads and biomechanics at the diseased level. Pre-formed intervertebral spacers have been tested clinically with mixed results, the main problem being migration of the implant and inflammatory reaction of the adjacent endplates [10, 11] . Recently, additional attention has been focused on injectable materials. The flowable nature of these materials allows a void of any size and shape to be filled. Thus, the nucleotomy can be as minimal or aggressive as necessary, and is not dictated by the geometry of the implant.
The present study investigates the safety and performance of the use of a novel injectable protein hydrogel as a nuclear replacement in microdiscectomy cases.
Materials and methods

Material properties
NuCore
Ò Injectable Nucleus is an in situ curing protein polymer hydrogel which mimics the properties of the natural nucleus (Table 1) . The polymer chain is made up of silk and elastin components designed for both elasticity and toughness. The polymer (P27K) is mixed with a crosslinking agent at the time of implantation, and is injected as a fluid through the annular defect where it adheres to the surrounding intradiscal tissue as it cures. There is no measurable temperature increase produced during the cure process. The material thus fills the nuclear void and seals the annulotomy. Preclinical testing has shown the material to be extremely resistant to extrusion under biomechanical loading conditions, remaining intact when loaded well above levels experienced in activities of daily living [12] . It has also been shown to have a restorative effect on biomechanical function in benchtop testing [13] . A full battery of pre-clinical biologic safety tests performed in accordance with ISO10993 standards indicated the material is biocompatible.
Study protocol
Inclusion/exclusion criteria
Patients enrolled in this study were between the ages of 18 and 60 and suffered from a single-level symptomatic herniated nucleus pulposus between L1 and S1 with predominant leg pain that had been non-respondent to at least 6 weeks of conservative therapy. In addition, a minimum central disc height of 5 mm was required. Patients were specifically excluded if any of the following conditions were present:
• Disc protrusion only with intact annulus.
• Prior invasive surgery at treatment level or previous fusion at adjacent level(s).
• Clinically significant facet joint degeneration at affected level based on radiologic review and physical examination.
• Lytic or degenerative spondylolisthesis ([Grade 1).
• Obesity (BMI [ 30) .
Ethics committee approval was obtained from the responsible authorities, and each patient was required to sign an informed consent prior to being enrolled in the study.
Follow-up/data collection
Data were collected pre-operatively, post-operatively (within 48 h after surgery), at 6 and 12 weeks, as well as 6, 12, and 24 months.
The clinical data at each time point included a neurological exam as well as an assessment of leg and back pain, disability, and function using the Visual Analog Scale (VAS), Oswestry Disability Index (ODI), and The SF-36Ò Health Survey (SF-36) patient questionnaire.
At each time-point, standing lateral X-rays with a marker attached were taken. Disc height analysis was performed by an independent analysis group (Medical Metrics Inc.) using a validated measurement method utilizing landmark recognition software to consistently and accurately locate anatomic landmarks. Magnetic resonance (MR) images obtained pre-operatively, post-operatively and at 6, 12, and 24 months were qualitatively reviewed with regard to the signal in the disc, potential material extrusions, and any endplate changes. Standard blood samples were analyzed and a serum titer was assayed to determine any presence of antibodies to the P27K protein.
Patients
Per the above criteria, 14 patients were enrolled in the study over a period of 17 months (8 male, 6 female). There were no dropouts over the follow-up period of 2 years. The average age of the patients was 37 years with a range from 25 to 52 years. Of the 14 levels treated, 10 were at L5/S1 and 4 were at L4/5.
Surgical technique
All patients were operated under general anesthesia in prone position with their hips and knees flexed at least 90°( Andrews or knee-chest position). After localizing the appropriate level under fluoroscopy, a 2.5-3.0 cm median skin incision was performed, fascia incised, and soft tissues and muscles retracted to expose the interlaminar window. Under microscopic control, the spinal canal was opened by partial resection of the ligamentum flavum and a minimal undercutting of the cranial lamina. The dural sleeve and nerve root were mobilized and retracted medially to expose the intervertebral space. The herniated tissue was removed and its volume measured. The disc was further cleared of loose tissue by several washouts and gentle use of rongeurs through the existing annular defect. The extent of these partial nucleotomies was defined by the firmness of the remaining tissue. The total volume of the removed tissue was then measured. Finally the remaining discal void was dried with the help of suction and filled with NuCore Ò material. For the first seven cases a standard ball-tipped cannula was used to fill the defect from its bottom to the level of the inner annulus under direct microscopic vision. The next seven cases of the series were injected with a sealed vented needle, allowing for some pressure whilst injecting. The goal of all injections was to replace the tissue lost to herniation and discectomy. Therefore, the previously measured tissue volume was used as the target for the injection of Nucore Ò material. The pressure was held for 5 min to allow the material to cure. After removal of the needle, the spinal canal was explored with a nerve hook to locate any material which may have leaked past the seal during injection. The wound was closed in layers and no drain was used.
Patients were allowed to mobilize according to back school principles as soon as they recovered from anesthesia. No brace was used, but patients were reminded to restrict their activities for 6 weeks.
Results
Clinical
All surgeries were successfully completed, no complications occurred and recovery was uneventful in all cases. All patients were discharged from the hospital within expected timeframes following surgery. Eleven patients presented pre-operatively with mild numbness, primarily in the calf and foot. Five of these returned to normal, while the rest showed some improvement during the course of follow-up. Six patients presented with mild Grade 4 functional weakness which recovered to normal. One additional patient presented with severe Grade 1 weakness which improved to mild Grade 4 by 3 months post-operatively. None of the patients required revision surgery within the follow-up period.
Mean leg pain reduced from 6.5 (range 1.8-9.6) at preoperatively to 0.7 (range 0.0-3.5) at 2 years post-operatively (Fig. 1) . Mean back pain reduced from 3.6 (range 0.7-7.8) at pre-operatively to 1.1 (range 0.0-4.5) at 2 years post-operatively. Mean ODI scores reduced from 43 (range 20-82) at pre-operatively to 10 (range 2-36) at 2 years post-operatively. All components of the SF-36 score improved over time (Fig. 2) .
The amount of nuclear tissue removed averaged 1.7 ml with a range of 0.4-3.3 ml. On average, 52% of the removed tissue was sequestrum with the remainder from inside the disc.
The mean implanted volume of NuCore Ò Injectable Nucleus was 1.2 ml with a range from 0.3 to 1.9 ml. Overall, the average volume of material injected was 75% of the total volume of tissue lost to herniation and discectomy (range 31-150%). In the last seven cases of this study, modifications were made to improve the injection technique to increase the volume of NuCore Ò material delivered and thus replace most of the nuclear tissue lost. These improvements in the last seven cases led to markedly increased injection volumes and an average of nearly 100% Fig. 1 Mean VAS pain scores and mean ODI scores over course of follow-up replacement of the lost nuclear tissue. The difference in injection volumes in the two groups (Group A = early group and Group B = later group) was statistically significant (50% [SD = 24%] replacement vs. 100% [SD = 33%] replacement, P = 0.007). However, differences were not significant when pain and function scores were compared between the two groups.
No device-related adverse events were reported in these first 14 patients. One patient required oral steroid treatment for 7 days at 6 weeks post-operatively for a mild recurrence of numbness in the toes of the affected leg. An MR performed at that time revealed no radiographic abnormalities and no recurrent herniation. This event had resolved at the next follow-up.
Results of all blood, serum, and urine tests showed no clinically relevant abnormalities at any time point. Five of the 14 patients showed a mild transient increase in anti-P27K antibody level relative to existing pre-operative level, all of which resolved over the course of follow-up. There was no clinical evidence of any immunologic reaction to the NuCore Ò material.
Radiological
Disc height maintenance
Central disc height showed a stable trend after 6 weeks, holding 93% of the original pre-operative value at 24 months post-operatively (Fig. 3) . Posterior disc height is likewise maintained after 6 weeks, holding 92% of the original pre-operative height at 24 months post-operatively (Fig. 4) . Both figures show an initial settling period in the acute post-operative timeframe, stabilizing thereafter.
Comparing the two injection technique groups, central disc height was maintained better in Group B with 97.0% (SD 11.0) and 88.6% (SD 8.4) in Group A. This difference was statistically not significant.
MR findings
Since the NuCore Ò material is approximately 80% water, it presents a hyperintense image on T2 MRI similar to healthy nucleus pulposus. All treated discs showed an increased signal on T2 images post-operatively. Immediate post-operatively images showed a brighter signal which usually decreased over time. These changes became stable by the 6 month images (Fig. 5) , indicating that the initial changes were partly caused by post-operative effects, such as edema and hematoma. There was no evidence in any patient of migration of the material, reherniation, nor subsidence into the endplates.
In five patients, no Modic endplate changes were detectable on any of the MRs (Fig. 5) . Six cases presented with changes on the pre-operative MR, four of them being classified as Type 2 and one with a mixed Type 1/2. At the 24 month follow-up, five of these cases showed stable or improved Modic changes. However, in two cases a transient progression of changes was observed, mostly at the 6 month follow-up (Fig. 6) . Three patients had no changes present pre-operatively, but developed some at follow-up. All these changes were classified as Type 1 and were first seen at the 6 month follow-up, then improved again at 2 years.
Discussion
Although microdiscectomy of herniated lumbar discs show high success rates in relieving radicular leg pain in the short term, results deteriorate over time in a considerable proportion of patients [14] . Cases with initially maintained disc height and preserved disc function may have a favorable prognosis, but their risk of reherniation is higher [8] . Discs with greater loss of material and volume either due to the hernia itself or the surgical intervention may be prone to accelerated loss in disc height resulting in spondylotic changes of the spinal segment associated with increased low back pain. Therefore, the appropriate aggressiveness in removing disc tissue during surgery is a matter of debate [4, 15] . However, ideally the lost material should be replaced to preserve the biomechanical capacity of the disc and at least slow the degenerative cascade. The idea of augmenting the discal nucleus is not new. Intervertebral spacers in the form of a memory coiling spiral have been suggested [10] , and since 1996 the PDN device consisting of a hydrogel core with a woven polyethylene cover has been implanted for nucleus augmentation [16] . However, despite advances in defining the surgical indications, adjustments to the design of the device and improvement of the surgical techniques, migration remains the primary source of complications [11] . Changes of the endplate over time are also of concern. Reasons for this might include differences in the biochemical composition and biomechanical properties between the device and the remaining disc as well as interface reactions due to the defined shape and stiffness of the implant. More recently, favorable results have been reported on a nucleus replacement using a balloon-contained, injectable polyurethane device (DASCOR Ò device) [17] . However, the implantation of this device requires an anterior or lateral approach to the spine and intends to treat patients suffering from degenerative disc disease (DDD).
In addition to these ''pre-formed'' nucleus augments, injectable biomaterials have been considered as augments to discectomy. As early as in the 1960s, Nachemson [18] suggested the injection of room temperature vulcanizing silicone into a degenerated disc using an ordinary syringe. Since then and increasingly within the last 10 years, a number of injectable biomaterials have been investigated for potential nucleus augmentation including: cross-linkable silk-elastin copolymer, polyurethane-filled balloons, collagen-PEG, chitosan, recombinant bioelastic materials, and multicomponent polymer systems [19] [20] [21] [22] [23] [24] . Several commercial groups are actively pursuing the development of these injectable nucleus replacement devices [19, 25] . However, most of these implants are still under pre-clinical evaluation and clinical data is sparse.
The clinical results from this patient group suggest that the NuCore Ò material can be applied safely and without any surgical or clinical follow-up complications. The adverse events reported were all unrelated to the device, and there was no evidence of any local or general reaction to the material. Blood, serum, and urine tests were within expected ranges. All but three patients showed a measurable anti-P27K antibody level prior to surgery, and some showed a Fig. 5 A 25 -year-old male with herniation at L5/S1: 2.0 ml nucleus removed, 2.0 ml NuCore Ò Injectable Nucleus implanted. No Modic changes are visible on any of the films. Twenty-four months central disc height was maintained compared to pre-operative one Fig. 6 A 43-year-old male with herniation at L5/S1: 2.0 ml nucleus removed, 0.8 ml NuCore Ò Injectable Nucleus implanted. Pre-operative: Modic Type 2 at L5 endplate. Six months: enlargement with possible conversion to Type 2. A total of 12 and 24 months: decrease in size and intensity. Twenty-four month central disc height 4.6% less than pre-operative one transient increase in antibody levels post-operatively; but over time antibody levels approximated the pre-operative level in all patients. The presence of antibody and transient changes are in line with those reported in the use of other protein-based products, e.g., collagen and serum albumin [26, 27] . In all cases, including the present study, the presence of an antibody response has had no correlation with clinical outcome or response.
All function scores indicated substantial benefit and recovery from the surgery. These results were consistent with the successful short term results reported on standard lumbar microdiscectomy alone [8, 28] . As in other studies of lumbar microdiscectomy, our patients responded to surgery with a large improvement in leg pain and to a lesser, but notable extent in back pain [29] . In our initial fourteen patients treated with the NuCore Ò Injectable Nucleus, no migration of the material within the disc or extrusion into the spinal canal was observed. This was consistent with the pre-clinical test data showing stability of the implant and its resistance to extrusion [12] .
The relevance of Modic endplate changes is difficult to interpret. Recent papers have shown that Modic changes show a high prevalence in patients with degenerative disc disease and are seen in 23% of non-operatively treated sciatica patients [30] , with a high rate of increased changes following microdiscectomy [6] . Some authors associate Modic Type 1 changes with low back pain, although conversions to ''more benign'' Type 2 changes seem possible [31, 32] . However, in our small group of fourteen patients, we could not correlate the Modic changes to low back pain. Intuitively, better distribution of intradiscal stresses across the endplates due to the presence of the nucleus replacement material might lead to the improvements seen in the endplate changes in this series of patients, but much more data and a control series would be necessary to conclude this.
Our data indicates that disc height was maintained better with NuCore Ò augmentation compared to the literature data on microdiscectomy alone. After 2 years, our treated discs showed an average central height loss of 7%, whereas literature indicates that height losses of 20% or more even after 6 months are not uncommon following microdiscectomy alone [7, 33, 34] . Our seven cases where the injection and discal fill was performed under pressure with a vented needle showed even better disc height maintenance compared to the initial seven cases with a simple unsealed fill of the defect without pressure. However, the difference was not yet statistically significant given the small patient population.
Conclusion
The results of this pilot study indicate that NuCore Ò Injectable Nucleus can be applied safely into lumbar discs following microdiscectomy. No complications or adverse events related to the material occurred. The material did not migrate from the disc and no extrusion was observed. Additionally, no reherniations were seen. Radiographic data suggest a better maintenance of disc height after 2 years compared to microdiscectomy alone. NuCore Ò hydrogel seems to protect the disc from early collapse following microdiscectomy and therefore could carry the potential of slowing the degenerative cascade of the spinal segment over time. If so, this treatment may also lead to reduced treatment costs in the long term for these relatively young patients. In light of the results of this study, the authors believe this material merits further investigation of its safety and efficacy in expanded control studies.
